Gearboxes and gears are part of the NASA Deep Space Network (DSN) antenna drives.
Introduction
Gearboxes and gears are components of the NASA Deep Space Network (DSN) antenna drives. A backlash phenomenon at the gearboxes and a bullgear is observed when one gear rotates through a small angle without causing a corresponding movement of the second gear. This eventually causes beating in the drives, gear wear, and deterioration of antenna tracking precision. In order to maintain antenna pointing precision the backlash phenomenon is eliminated by implementing two drives with a specific torque difference between them. The torque difference is called a torque bias, or counter-torque. With two motor configuration backlash clearance will occur at one drive while the other is still coupled. The antenna dynamics will be controlled by the latter drive. The effectiveness of the two-motor approach depends on the amount of torque bias applied at the drives, which depends on the antenna load. The torque bias should be large enough to lead the antenna through the gap for the maximal allowable torque load, but small enough that it will not cause excessive local stress, friction, or wear.
High and steady loads do not need a torque bias since the backlash is observed for low and reversing axis loads only. Time-varying loads, such as wind gusts, can produce high torques that become very low within a short period of time, causing a backlash gap when the torque bias dynamics are too slow. Reversing loads were observed at the DSS13 antenna site when wind gusting cause the drives to grind. Thus the proper dynamics of the torque bias-shaping loop were derived in this paper to assure antenna tracking precision.
Backlash and Its Prevention
Consider a simple gearbox with two gears rotating in opposite direction. Let the angle of rotation of the first gear be p, , the second gear be p 2 , the gearbox ratio be N, and the gearbox stiffness (at the second gear) be k. In this case the relationship between the gearbox rotation and the torque Tat the second gear is as follows
where A p = p2 -p, / N , and b is the size of the backlash gap measured at the second gear.
The plot of the torque versus the angle difference AP is shown in Fig.1 for b=l, and k=20.
It is clear from the above equation that if the angle difference of two gears is smaller than the backlash gap by there is a discontinuity in the gear motion, causing impacts of one gear tooth against the second gear tooth.
Implementing two driving gears instead of a single one will minimize the impact of this discontinuity. In this approach the driving torques T, and T, of the gears 1 and 2 are not identical but differ by the amount of A T . This difference is called the torque bias, or counter-torque. When both gears are driven and the backlash occurs at the first gear, the torque at the second driving gear is nonzero (it differs by AT ), and the antenna is driven smoothly. This principle of "torque sharing" is used in the BWG antenna design.
The question remains how large the torque bias must be to prevent backlash. If the stiffness of the gearbox is k, the torque bias AT should be greater than 2kb. But AT also depends on the load applied to the gears: No bias is required if torque load is high ( q E T2 >> A T ) because the angle difference is large and the backlash is not observed even when AT = 0 . Plots of the existing profile of motor torque vs. axial load (as percentage of the maximal load) are shown in Fig.2 , for 10,20, and 30 percent of the bias.
The bias is shaped such that it is the largest for the low loads, and phases-out to zero for higher loads.
In the event of dynamic loading, such as wind gusts, the optimal magnitude of the torque bias is not obvious. During dynamic loading, the torque difference determined for the steady-state case may not be large enough to prevent the backlash, and assuming a higher counter-torque may lead to premature wear. Additionally, quickly varying loads with small steady components may cause backlash in both gears simultaneously, despite the non-zero torque bias. Thus, the torque bias time response is also an important design factor.
The purpose of torque shaping analysis is to determine the value of the bias, the rate of phase-out, and the dynamics of the counter-torque circuit.
Friction
Friction is a torque that always opposes motion. In order to determine the friction torque T one must have the Coulomb friction torque T, , the stiction (breakaway) torque T, , the applied torque To , and the wheel rate v.
The Coulombfiiction torque is proportional to the normal force at the surface F
where r is the wheel radius, and p is friction coefficient. For hard steel p=0. 0012-0.002.
The stiction (breakaway) torque T, is the most often assumed to be slightly higher than the
The total applied torque, T,, is determined as follows. Let the discrete state-space equation of the open-loop antenna be
where v is the antenna angular rate and T is the friction torque (either in azimuth or in For the case of the antenna velocity within the threshold ( I v I Iv,) we assume v=O. Leftmultiplying (5a) by C one obtains
But v(i + 1) = 0 , thus and the applied torque, To, is opposite to the torque T, i.e.,
The Rate Loop Model with Friction and Backlash
The motions of the antenna in elevation and azimuth axes are uncoupled, therefore they are analyzed independently. The Simulink model of the elevation rate loop system is shown in Fig.4 (the following block diagrams are also Simulink diagrams). The model contains the antenna structure with an elevation rate input. The outputs are elevation encoder, elevation rate, elevation pinion rate, elevation and cross-elevation pointing errors.
The antenna structure model is obtained from the DSS 13 finite element model, as described in [1, 2] . The elevation drive model which consists of the elevation rate input and elevation pinion rate inputs, and the elevation torque output is shown in Fig.5 .
The drive consists of two motors (with gearboxes), denoted Go, and the torque share circuit. Notation here is consistent with that of Refs. [ 1, 2] . The block diagram of the subsystem Go is shown in Fig.6 . It consists of two amplifiers, a motor armature and a gearbox. The amplifiers and the motor armature are the same as those described in [ 1, 2] .
However, the gearbox model differs from the linear one, in that it includes the nonlinear friction and backlash models, see Fig.7 . The friction torque in this model depends on the motor torque and the motor speed, as described earlier in Eq. (2) . In the backlash model the torque depends on the difference between the motor and the pinion angle, as in Eq. (1).
The torque share circuit, shown in Fig.5 , is described later in this paper.
The accuracy of the rate-loop model was verified experimentally. Open-loop tests were conducted at the DSS26 antenna to compare the measured antenna dynamics with the simulated dynamics of the model that includes backlash and friction. The test data were used to determine the amount of friction, and the backlash angle. The rate-loop experiments were conducted by inserting the square-wave input of period 6.3 s and of amplitude 0.013 degh. Two tests were conducted: one with zero torque bias, and another with a torque bias of 15% of the maximal motor torque (the maximal torque is 308 kGm (26700 lb in), thus torque bias is 46 kGm (4000 lb in)).
For brevity of presentation we consider the elevation axis only. For zero torque bias the measured and simulated motor currents are shown in Fig.8a ,b, and measured and simulated encoder reading in Fig.9a7b . These plots show satisfactory coincidence between the field data and simulation results. In particular, the measured motor currents, which are proportional to the motor torque, allowed us for the determination of the frictional torques.
The constant part of the current in Fig.8a is of 1 A. It corresponds to the constant rate of the antenna movement, since no inertia forces are present, and the motor effort is totally dedicated to overcome the fkiction forces. The 1 A current corresponds to the 61 kGm (5300 lb in) motor torque, or 9.1 x lo5 kGm ( 7 . 9~ 10' lb in) axis torque, which is the amount of the friction torque.
For the 15% torque bias the plots of measured and simulated motor currents, and encoder readings are given in Figs. 10a,b , and 1 la,b, respectively. This situation is different than the zero torque bias case in that the encoder show less chaotic movement of the antenna, and the motor torque plots indicate the presence of the torque bias, since their mean values are non-zero and have opposite sign.
Modifications of the Bias Profile
The torque share circuit is shown in Fig. 12 . Its purpose is to determine the torque bias that is appropriate for the antenna load. Thus the load in the form of motor current, i, is the Note from the diagram in Fig. 12 Finally, from Eq.(14) it follows that bias voltage depends on the gain k, . This relationship is shown in Fig. 13d , where the slope and horizontal extension of the bias are varied simultaneously after modifying k, .
To prevent backlash in extreme dynamic loads a flatter bias voltage is preferred, so gainsg, and k, were modified according to the above relationships. The dashed line in this profile with that of the existing torque bias (Fig.3) and note the sharp decline for the existing configuration compared to the mild slopes of the modified design.
The performance of the old and new models has been verified analytically and in field testing the rate-loop model. The bias voltage is chosen as a indicator of the quality of design. For best design results the bias should remain at the maximum value; in an acceptable design the bias would always be non-zero; if the bias remains at even for small the backlash is observed and the design has not achieved it's goals. The differences between these two designs can be exposed during high loads that vary abruptly. Therefore a saw-tooth wave has been chosen as a test signal to be applied at the antenna rate loop input, with amplitude of 0.685 deg/s (85% of the maximal rate), and period 5 sec, see Both show non-zero bias that varies from 8.0 to 1 1.4V (field data) and from 7.2 to 11.6V (analysis). This translates to 62-87% of maximal bias (field data) and into 5648% of maximal bias (analysis). Data shows that the bias torque performance has significantly improved.
Improvements of the Bias Torque Dynamics
The filter marked Filter 1 in the drive block diagram 
Conclusions
In this project the 34m DSN antenna backlash and friction were measured, modeled, and simulated. The torque-shaping circuit was analyzed, and a new bias torque profile was 
